Near ambient pressures, molecular diffusion dominates protonic diffusion in ice. Theoretical studies have predicted that protonic diffusion will dominate at high pressures in ice. We measured the protonic diffusion coefficient for the highest temperature molecular phase of ice VII at 400 kelvin over its entire stable pressure region. The values ranged from 10 Ϫ17 to 10 Ϫ15 square meters per second at pressures of 10 to 63 gigapascals. The diffusion coefficients extrapolated to high temperatures close to the ice VII melting curve were less by a factor of 10 2 to 10 3 than a superionic criterion of ϳ10 Ϫ8 square meters per second, at which protons would diffuse freely.
Protons can move in the hydrogen-bonded network of water molecules by transferring within a hydrogen bond and then jumping into another hydrogen bond by molecular rotation. Although this diffusion model specific to ice was proposed in the middle of the 20th century (1) , its process has eluded experimental investigation. The protonic diffusion coefficient estimated for ambient-pressure ice at 263 K is on the order of 10 Ϫ20 m 2 /s, which is four to five orders of magnitude less than the molecular diffusion coefficient (2) (3) (4) . The fast molecular diffusion interferes with observation of the slow protonic diffusion. Dielectric properties and electrical conductivity, which can be related to protonic diffusion coefficients, have been measured for pure and doped ices instead (5) (6) (7) (8) (9) .
Theoretical studies have consistently predicted the presence of a superionic (or superprotonic) phase characterized by a fast protonic diffusion with a coefficient of ϳ10 Ϫ8 m 2 /s at extremely high temperatures and pressures (10, 11) . The superionic state is predicted to appear in the phase diagram at about 1000 K and 20 GPa and to develop to higher temperatures ranging from 2000 to 4000 K above 100 GPa. In the superionic phase, the protons are thought to move quickly by jumping successively between their neighboring occupation sites in a crystal lattice consisting solely of oxygen atoms. Such a superionic phase can be characterized as a partially melted state and can be compared with ionic fluid or a fully melted state in which neutral or ionized water molecules diffuse freely. The superionic phase of ice may play a crucial role in the generation of the magnetic fields in giant planets as well as the metallic fluid of water (11) (12) (13) (14) .
Here, we report on protonic diffusion measurements carried out for ice VII over its entire stable pressure region from 2 to about 60 GPa (15) (16) (17) (18) (19) 
where C H (x, t) is the concentration of protons at location x and diffusion time t, l is the whole sample thickness equal to l H ϩ l D , and D is the mutual diffusion coefficient (20) . For the proton concentration at x ϭ l, or the outer surface of the D 2 O ice layer, the equation becomes simply a function of diffusion time t. The surface concentration C H (l, t) thus deduced will rise abruptly on the first arrival of diffused protons and will increase toward its steady value of l H /l with the progression of diffusion. We can hence derive a diffusion coefficient, D, from time-dependent spectra measured for the outer surface of the D 2 O ice layer. For the surface concentration of deuterons at the opposite side of the ice bilayer, an equivalent description C D (0, t) can be readily derived with the thickness of D 2 O ice layer l D .
We first examined a spectral measurement at the ambient temperature of 298 K and found no spectral change with time even 1 month after the sample preparation. We further examined spectral measurements at several higher temNational Institute of Advanced Industrial Science and Technology, Tsukuba Central 5, Tsukuba 305-8565, Ibaraki, Japan.
*To whom correspondence should be addressed. Email: k-aoki@aist.go.jp (28) using the refractive index of high-pressure ice (28, 29) . The reflection spectra were measured for the sample annealed at 400 K and 10.2 GPa. The numbers attached to the spectra represent annealing (diffusion) time in hours. The spectra were corrected for the absorption and reflection from the DAC using a reference spectrum measured in advance with a KBr-filled DAC.
peratures and found that an annealing temperature of 400 K produced a protonic diffusion rate appropriate for the present spectroscopic measurement. The sample was annealed isothermally for several hours to several tens of hours in an electric oven and quenched to room temperature for spectral measurement. We repeated thermal annealing and spectral measurement several tens of times until the spectral change due to mutual diffusion was completed. Each run of the diffusion experiment at a given pressure required a measuring time of 1000 hours or more.
Infrared Fig. 1B . The OD stretching peak located approximately at 2400 cm Ϫ1 gradually increased in height with time, whereas the OH stretching peak located approximately at 3200 cm Ϫ1 gradually decreased. These spectral changes are attributed to the mutual diffusion of protons and deuterons through the H 2 O and D 2 O layered interface, and those changes last until the isotopes diffuse homogeneously over the whole ice crystal.
Because molecular migration is dominant in the diffusion process of ambient-pressure ice (2-4), we examined the possibility of molecular diffusion by measuring reflection spectra with an H 2
16
O/H 2 18 O ice bilayer annealed at the same temperature and pressure (400 K and 10.2 GPa). The spectra measured for both outer surfaces of the ice bilayer differed by 16 cm Ϫ1 in the OH stretching peak position. The peak positions did not change, even after 600 hours, indicating no signal for the molecular diffusion. We melted the sample by releasing pressure slightly and then solidified it again by increasing pressure back to 10.2 GPa. The peak positions then moved to the middle point between the original ones, indicating mixing of the H 2
O and H 2 18 O molecules in the liquid phase. The possibility of molecular diffusion was hence ruled out for ice VII highly densified under pressure.
The variation of the surface concentration of isotopes with diffusion time is shown in Fig. 2 . The deuteron concentration C D (0, t) measured for the outer surface of the H 2 O ice layer at 10.2 GPa (Fig. 2A) (Fig. 2B) shows an onset of rapid increase in concentration located at t ϳ 20; the protons require at least 20 hours to pass through the 7.5-mthick D 2 O ice layer. Such a delay of rising time was not clearly observed for the deuteronic diffusion at 10.2 GPa through a 14-m-thick H 2 O ice layer. The diffusion rate, which lessens noticeably with an increase in pressure to 32.2 GPa, was determined to be between 5.2 ϫ 10 Ϫ17 and 7.6 ϫ 10 Ϫ17 m 2 /s by the accurate fitting procedure.
The diffusion coefficients measured at 400 K show a monotonic decrease by two orders of magnitude with increasing pressure up to 63 GPa (Fig. 3) . The diffusion coefficient can be described by D ϭ D 0 exp(-␥P/ kT), where ␥ represents the magnitude of pressure influence on the activation energy for the protonic diffusion motion. Fitting the obtained diffusion coefficients by this exponential expression provided 0.003 eV/GPa for ␥. Although no experimental data are available for the activation energy at ambient pressure, ⌬E 0 , we may assume it to be equal to that determined from the electric conductivity measurement on pure ice at ambient pressure (9) . The activation energy, ⌬E ϭ ⌬E 0 ϩ ␥P, is thus rewritten as ⌬E ϭ 0.70 ϩ 0.003P, where ⌬E and ⌬E 0 are presented in eV and P in GPa.
The variation of diffusion coefficient with pressure appears to be contrary to that expected from the distinct change in the hydrogen bonding state associated with the molecular to nonmolecular transition in ice VII. In the molecular state at low pressures, the protonic diffusion proceeds by two steps: transfer in a hydrogen bond and then a jump into another hydrogen bond. For ambient-pressure ice, the activation energies were experimentally determined by infrared absorption measurement to be 0.41 eV for the transfer and 0.52 eV for the jump (21) . In the nonmolecular region around 60 GPa, the energy barrier for the transfer motion vanishes and allows the protons to transfer freely along the hydrogen bonds to form ionized molecular species (22) (23) (24) (25) (26) . The diffusion process can be described as a single step involving a proton jump alone, and we expected the process to be accelerated by increases in the population of ionized molecular species. Nevertheless, the diffusion coefficient decreased in this pressure region. The diffusion process would alter gradually from the two-step process to a single-step process, while ice VII also transformed gradually from the molecular to the nonmolecular state.
On the basis of our experimental data at 400 K and our value for ⌬E, we calculated that the diffusion coefficient would increase to ϳ10 Ϫ11 m 2 /s at 20 GPa in the molecular state and to ϳ10 Ϫ10 m 2 /s at 60 GPa in the nonmolecular state. These values are less by a factor of 10 2 to 10 3 than the superionic criterion of ϳ10 Ϫ8 m 2 /s. A fast protonic diffusion state would not be realized in the ice VII region, but in the superionic phase would be predicted to appear as an intermediate phase between ice VII and fluid. 
